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Abstract 

Background: The neuroinflammatory responses in the spinal cord following bone cancer development have been 
shown to play an important role in cancer-induced bone pain (CIBP). Lipoxins (LXs), endogenous 
lipoxygenase-derived eicosanoids, represent a unique class of lipid mediators that possess a wide spectrum of 
anti-inflammatory and pro-resolving actions. In this study, we investigated the effects of intrathecal injection with 
lipoxin and related analogues on CIBP in rats. 

Methods: The CIBP model was induced by intra-tibia inoculation of Walker 256 mammary gland carcinoma cells. 
Mechanical thresholds were determined by measuring the paw withdrawal threshold to probing with a series of 
calibrated von Frey filaments. Lipoxins and analogues were administered by intrathecal (i.t.) or intravenous (i.v.) 
injection. The protein level of LXA4 receptor (ALX) was tested by western blot. The localization of lipoxin receptor in 
spinal cord was assessed by fluorescent immunohistochemistry. Real-time PCR was carried out for detecting the 
expression of pro-inflammatory cytokines. 

Results: Our results demonstrated that: 1) i.t. injection with the same dose (0.3 nmol) of lipoxin A4 (LXA4), lipoxin 
B4 (LXB4) or aspirin-triggered-1 5-epi-lipoxin A4 (ATL) could alleviate the mechanical allodynia in CIBP on day 7 after 
surgery. ATL showed a longer effect than the others and the effect lasted for 6 hours. ATL administered through i.v. 
injection could also attenuate the allodynia in cancer rats. 2) The results from western blot indicate that there is no 
difference in the expression of ALX among the naive, sham or cancer groups. 3) Immunohistochemistry showed 
that the lipoxin receptor (ALX)-like immunoreactive substance was distributed in the spinal cord, mainly co-localized 
with astrocytes, rarely co-localized with neurons, and never co-localized with microglia. 4) Real-time PCR analysis 
revealed that, compared with vehicle, i.t. injection with ATL could significantly attenuate the expression of the 
mRNA of proinflammatory cytokines (IL-1 (3 and TNF-a) in the spinal cord in CIBP. 

Conclusions: Taken together, the results of our study suggest that LXs and analogues exert strong analgesic effects 
on CIBP. These analgesic effects in CIBP are associated with suppressing the expression of spinal proinflammatory 
cytokines. 

Keywords: Lipoxins, Aspirin-triggered-1 5-epi-lipoxinA4, Astrocytes, Neurons, Proinflammatory cytokines, 
Cancer-induced bone pain, Spinal cord, Rats 



* Correspondence: wangyanqing@shmu.edu.cn 

department of Integrative Medicine and Neurobiology, State Key Laboratory 
of Medical Neurobiology, Institute of Acupuncture Research (WHO 
Collaborating Center for Traditional Medicine), School of Basic Medical 
Sciences, Shanghai Medical College, Institutes of Brain Science, Fudan 
University, 138 Yi Xue Yuan Road, P.O. Box 291, Shanghai 200032, China 
Full list of author information is available at the end of the article 

O© 2012 Hu et al.; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative 
BiolVlGCl C6ntTcll Commons Attribution License (http://creativecommons.Org/licenses/by/2.0), which permits unrestricted use, distribution, and 
reproduction in any medium, provided the original work is properly cited. 



Hu et al. Journal of Neuroinflammation 2012, 9:278 
http://www.jneuroinflammation.eom/content/9/1/278 



Page 2 of 12 



Background 

A recent study on the prevalence of pain in cancer in 11 
European countries and Israel found that 56% of patients 
suffered moderate to severe pain at least monthly, and 
69% of patients reported pain-related difficulties with 
everyday activities [1,2]. Although pain has been studied 
in depth for decades, the pain associated with cancer is 
still under-treated and disruptive to the patients quality 
of life. Therefore, it is imperative to investigate the mechan- 
ism of cancer pain and to find effective therapy. However, 
because of the complicated mechanism of cancer pain, the 
underlying mechanisms are still unclear. It has been 
reported that cancer-induced bone pain (CIBP) is a unique 
pain state showing physiological characteristics of both in- 
flammatory and neuropathic pain and changes in dorsal 
horn-cell phenotype [3-8]. As compared with neuropathic 
pain and inflammatory pain, CIBP might display physio- 
logical and pathological changes similar to those observed 
in the spinal cord. After the cancer cells invaded or were 
injected, an inflammatory response is inevitably observed, 
while in the later phase, the nervous system is invaded by 
cancer cells or other inflammatory factors and displays 
characteristic inflammatory responses [6,7,9,10]. Rats with 
CIBP display rapid expression and release of multiple in- 
flammatory mediators, such as prostaglandin (PGE2), nerve 
growth factor (NGF) and proinflammatory cytokines in- 
cluding interleukin-l(3 (IL-lp), interleukin-6 (IL-6) and 
tumor necrosis factor-a (TNF-a), at the spinal cord. These 
mediators participate in the pathogenesis of CIBP [10-12]. 
Recently, accumulating evidence supports an important 
role of spinal non-neuronal cells, such as astrocytes and 
microglia, in the regulation of nociception [12,13]. Cer- 
tainly, neuroinflammation is a significant characteristic of 
the entire pathological process of CIBP. 

Accumulating evidence shows that most inflammatory 
processes are self-limiting and self-resolving systems, which 
are known as an active endogenous process aimed at pro- 
tecting the host from exacerbated inflammation [14-16]. 
The outcome depends on the balance between pro- 
inflammatory mediators and anti-inflammatory mediators 
in vivo [17]. Lipoxins (LXs) belong to a class of eicosanoid 
that is generated from arachidonic acid via the sequential 
actions of lipoxygenases and subsequent reactions to yield 
specific trihydroxytetraene-containing eicosanoids [18]. 
As the first recognized class of anti-inflammatory lipid- 
based autacoids, LXs mediate a number of processes, 
including the regression of pro-inflammatory cytokine 
production, inhibition of cell proliferation, promotion of 
the recruitment of monocytes and stimulation of non- 
phlogistic phagocytosis of apoptotic leukocytes by 
monocyte-derived macrophages, suggesting that lipoxins 
may act as endogenous 'braking signals' in host defense, 
inflammation and hypersensitivity reactions [17,19,20]. 
LXA4 and LXB4 are positional isomers that possess 



potent cellular and in vivo actions [21]. Moreover, aspirin 
has a direct impact on the LX circuit by triggering the bio- 
synthesis of endogenous epimers of LXs, termed aspirin- 
triggered- 15-epi-lipoxin A4 (ATL), which share the potent 
anti-inflammatory actions of LXs [15,21,22]. 

It has been reported that i.t. injection of LXs can at- 
tenuate inflammatory pain and neuropathic pain [23,24]. 
Due to the sustained and robust spinal neuroinflamma- 
tion that characterizes CIBP, we hypothesized that i.t. in- 
jection with LXs may be a novel strategy that mimics 
the action of endogenous anti-inflammatory and pro- 
resolution lipid mediators to alleviate CIBP. Therefore, 
the present study was designed to explore the possible 
analgesic effect of LXs on the rat model of CIBP. 

Methods 

Animals 

Experiments were performed on pathogen-free adult female 
Sprague-Dawley (SD) rats (Shanghai Laboratory Animal 
Center, Chinese Academy of Sciences, Shanghai, China) 
weighing 160 g to 180 g. Animals were housed in groups of 
4 to 6 per cage and maintained on a 12:12 hour light-dark 
cycle and constant room conditions (temperature, 22 ± 
2°C; humidity, 55% ± 10%) with free access to food and 
water. Prior to experimental manipulation, rats were habi- 
tuated in the animal room for at least one week after deliv- 
ery. All experimental protocols and animal-handling 
procedures were performed according to protocols 
approved by the Animal Care and Use Committee 
(ACUC) of Fudan University and were consistent with 
the National Institutes of Health Guide for the Care and 
Use of Laboratory Animals and the International Asso- 
ciation for the Study of Pains (IASP) guidelines for pain 
research [24]. All efforts were made to minimize the 
number of animals used and to minimize their suffering. 

Preparation of cells 

Walker 256 rat mammary gland carcinoma cells (gener- 
ously provided by the Institute of Radiation Medicine, 
Fudan University) were injected into the abdominal cav- 
ities of female SD rats weighing 60 g to 80 g (2 x 10 7 
cells/0.5 ml). After 6 to 7 days, cancerous ascites was 
harvested in a sterile fashion, and the carcinoma cells 
were subsequently washed with PBS, pH=7.2, three 
times by centrifugation for 3 minutes at 1200 rpm. The 
pellet was resuspended with PBS and adjusted to an ap- 
propriate concentration (1 x 10 8 /ml). The cell suspen- 
sion was maintained on ice until injection. 

Surgical procedure 

As previously described [5,25], rats (except the naive 
group) were anesthetized with chloral hydrate (400 mg/kg, 
i.p.). Superficial incisions were made in the skin overlying 
the patella after disinfection with 75% v/v ethanol in order 
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to expose the tibia head with minimal damage. After 
Walker 256 carcinoma cells were prepared, 4 \A of cells 
followed by 4 \i\ PBS were slowly injected into the right 
tibia cavity of each rat using a 10- (il microinjection syr- 
inge. The syringe was left in place for an additional two 
minutes to prevent the carcinoma cells from leaking out 
along the injection track. The injection site was closed 
using bone wax as the syringe was removed to prevent 
tumor cell overflow. The sham group rats were treated in 
the same way and injected with 8 \A of PBS instead of 
tumor cells. All rats were given gentamycin (40 mg/kg, 
i.p.) for three consecutive days to avoid wound infection. 

Drug administration 

To determine the effects of LXs on the bone cancer- 
induced mechanical allodynia, a single dose of LXA4 
(Merck, Darmstadt, Germany), ATL (Merck, Darmstadt, 
Germany), LXB4 (Cayman, Ann Arbor, MI, USA) or 
normal saline (NS) was administered in a volume of 
20 \A to rats via lumbar puncture, as previously reported 
[26]. Briefly, the rats were anesthetized with isoflurane. 
The lumbar region was disinfected with 75% v/v ethanol 
after hair shaving, and the intervertebral spaces were 
widened by placing the animal on a plexiglass tube. 
Next, a 29-gauge microinjection syringe needle filled 
with 20 \A of drug was inserted via the L5-6 interspace. 
The correct subarachnoid positioning of the tip of the 
needle was verified by a tail- or paw-flick response im- 
mediately after inserting the needle. 

Behavioral test 

The paw withdrawal threshold (PWT) was measured 
using von Frey hairs (Stoelting, Wood Dale, Illinois, 
USA) Each rat was placed individually into a plexiglass 
chamber containing 1.5-mm diameter holes in a 5-mm 
grid of perpendicular rows throughout the entire area of 
the metal platform [27]. After acclimation to the test 
chamber, a series of eight calibrated von Frey hairs (0.4, 
0.6, 1.4, 2, 4, 6, 8 and 15 g) were applied to the central 
region of the plantar surface of one hind paw. The tester 



was blinded with respect to group. Each von Frey hair was 
held for approximately 1 to 2 seconds with a 5 -minute 
interval between applications. A trial began with the appli- 
cation of 2.0 g von Frey hair. A positive response was 
defined as a brisk withdrawal of the hind paw upon stimu- 
lation. When a positive response to a given hair occurred, 
the next lower von Frey hair was applied, and when a 
negative response occurred, the next higher hair was ap- 
plied. The tests consisted of five more stimuli after the 
first change in response occurred, and the PWT was con- 
verted to the tactile response threshold using an adapta- 
tion of the Dixon up-down paradigm, as described 
previously [28]. All the tests were performed in a blinded 
fashion with respect to the drugs injected. 

Western blot 

The L4-L5 segments of the spinal cord were homoge- 
nized and subjected to SDS-PAGE. Membranes were 
incubated with antibodies against ALX (1:4000, United 
States Biological, Swampscott, Massachusetts, USA). The 
signal was detected with chemiluminescent reagents (ECL 
kit, Pierce, Rockford, Illinois, USA). The membranes were 
re-blotted with GAPDH (1:10000, KangCheng, Shanghai, 
China). The intensity of immunoreactive bands was quan- 
tified using ImageQuant software (Molecular Dynamics). 

Immunohistochemistry 

On day 11 after surgery, rats were deeply anesthetized 
with chloral hydrate (400 mg/kg, i.p.) and perfused intra- 
cardially with saline followed by 4% paraformaldehyde in 
0.1 M phosphate buffer (PB, pH 7.4). The L4-L5 seg- 
ments of the spinal cord were subsequently removed, 
post-fixed in the same fixative for 4 hours at 4°C, and 
immersed in a 10% to 30% sucrose solution in PB gradi- 
ent for 24 to 48 hours at 4°C for cryoprotection. Trans- 
verse spinal sections (free-floating, 30 \im) were cut in a 
freezing microtome (Leica CM1900, Munich,Germany) 
and processed for immunofluorescence. All of the sec- 
tions were blocked with 10% normal goat serum in 
0.01 M PBS (pH 7.4) with 0.3% Triton-X-100 for 1 hour 



Table 1 Seqences of the forward and reverse primers and PCR conditions used for RT-PCR 


Genbank accession 


Target gene 


Primers 


PCR conditions (temperature/time) 




numbers 






Denature 


Anneal 


Extend 


NM_0 17008 


GAPDH 


Foward: 5'cccttcattgacctcaactac-S' 


94°C/45 seconds 


60°C/1 minute 


72°C/1 minute 






Reverse: S'-cttctccatggtggtgaagac-S' 








NM_031512 


IL-1P 


Forward: S'-atgagagcatccagcttcaaatc-S' 


94°C/45 seconds 


58°C/1 minute 


72°C/1 minute 






Reverse: S'-cacactagcaggtcgtcatcatc-'S 








NM_012589 


IL-6 


Forward: S'-gacaaagccagagtccttca-S' 


94°C/45 seconds 


58°C/1 minute 


72°C/1 minute 






Reverse: S'-actaggtttgccgagtagac-S' 








X66539 


TNF-a 


Forward: S'-cgagatgtggaactggcaga-S' 


94°C/45 seconds 


58°C/1 minute 


72°C/1 minute 






Reverse: S'-ctacgggcttgtcactcga-S' 
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(See figure on previous page.) 

Figure 1 Lipoxins and analogues alleviate mechanical allodynia in the CIBP model induced by intra-tibia injection of Walker 256 
carcinoma cells (4x10 5 ). (A) The time course of the development of mechanical allodynia after cancer cell inoculation. +++ P<0.001 versus the 
sham group (by Bonferroni test). (B) Comparisons were also made between the effects of the ATL, LXA4 and LXB4 treatments on rats with CIBP 
on day 7 after surgery. Data are expressed as means ± SEM. *P<0.05, **P<0.01, ***P<0.001 versus cancer + NS (by Bonferroni test). ## P<0.01, 
### P<0.001 versus cancer +ATL (by T-test). (C) Effects of i.t. LXA4, LXB4 and ATL on the mechanical allodynia of naive rats (by Bonferroni test). 
(D) Anti-allodynia effects of i.t.ATL at different doses on rats with CIBP. On day 1 1 after surgery, the cancer groups were given different doses of 
ATL by i.t. injection. Note that the dose of 0.45 nmol showed a better and longer analgesic effect from 2 to 8 hours than the other doses. 
*P<0.05, **P<0.01, ***P<0.001 versus cancer + NS (by LSD test). # P<0.05 versuscancer + ATL 0.45 nmol (by T-test). (E) Anti-allodynia effects of i.v. 
ATL at different doses on rats with CIBP. On day 1 1 after surgery, the three groups were injected i.v. with NS or different doses of ATL (10 nmol/ 
kg or 120 nmol/kg). # P<0.05 versus cancer +ATL 30 nmol/kg (by T-test). Data are expressed as means ± SEM. *P<0.05, **P<0.01, ***P<0.001 versus 
cancer + NS (by Bonferroni test) .ATL, aspirin-triggered-15-epi-lipoxin A4; CIBP, cancer-induced bone pain; i.t., intrathecal; i.v., intravenous; LSD, 
least-significant difference; LX, lipoxin; NS, normal saline; SEM, standard error of the mean. 



at 37°C and incubated overnight at 4°C with rabbit 
anti-ALX (1:400, United States Biological, Swampscott, 
Massachusetts, USA) primary antibody in PBS with 1% 
normal goat serum and 0.3% Triton X-100. Following 
three 15-minute rinses in 0.01 M PBS, the sections were 
incubated in Alexa Fluor 594-conjugated secondary anti- 
body (red, 1:1000, Invitrogen, Carlsbad, California, USA) 
for 1 hour at 37°C and were washed in PBS. Omission of 
the primary antibody served as a negative control. The 
specificity of the anti-ALX antibody was also tested by 
Western Blot. For double immunofluorescence, sections 
were incubated with a mixture of rabbit anti-ALX and 
mouse anti-NeuN (1:500, Millipore, Billerica, Marriott, 
USA), mouse anti-CD lib (1:200, Chemicon, Billerica, 
Marriott, USA), mouse anti-GFAP (1:1000, Thermo, Wal- 
tham, Massachusets, USA) antibodies respectively at 37°C 
for 1 hour and at 4°C overnight. Next, the sections were 
incubated with a mixture of goat Alexa Fluor™ 594- 
conjugated (red, 1:1000, Invitrogen) and goat Alexa 
Fluor™ 488-conjugated (green, 1:1000, Invitrogen) sec- 
ondary antibodies for 1 hour at 37°C. All sections were 
coverslipped with a mixture of 80% glycerin in 0.01 M 
PBS, and images were captured using a multiphoton laser 
point scanning confocal microscopy system (Olympus 
Fluoview FV1000, Leica TCS SP5, Germany). 

All of the testing (including behavior, western blot, 
immunohistochemistry and real-time PCR) was con- 
ducted by experimenters who were blind to the experi- 
mental conditions. 

Real-time quantitative PCR 

Total RNA was isolated from L4-L6 spinal cord using 
TRIzol reagent (Invitrogen) according to the manufac- 
turers instructions. Quantification of mRNA levels of 
IL-1|3, IL-6, TNF-a and GAPDH were analyzed by SYBR 
Green qRT-PCR detection (iCycler iQ® real-time PCR 
detection system, Bio-Rad, Hercules City, California, 
USA), with each sample being run in duplicate. Samples 
of cDNA from naive, cancer with NS and cancer with 
ATL animals 2 hours after drug injection were analyzed 
simultaneously by real-time PCR. The PCR mixture was 



prepared by using the multiplex real-time PCR protocol 
according to the manufacturer s instructions. A total of 
2 [A of reverse transcription product from each sample 
was used as the template in a 25- [il reaction mixture. 
The size and sequence of each primer and the number 
of cycles used are given in Table 1 [29]. The standard 
curve of each primer showed that the amplification effi- 
ciency was 90% to 100% (data not shown). Upon com- 
pletion of the PCR, the amount of target message in 
each sample was estimated based on the threshold cycle 
number (Ct). Average Ct values were normalized to aver- 
age Ct values for GAPDH mRNA from the same cDNA 
preparations. These values were entered into the equation 
2-AACT tQ so i ve £ or ^ re i a tive exponential PCR amplifi- 
cation of each gene for each animal [30,31]. The results 
presented in this study are expressed as fold increases over 
control values. 

Statistical analysis 

All data are presented as mean ± standard error of the 
mean (SEM). The statistical significance of differences 
between groups was analyzed with Students T-test or 
one-way analysis of variance (ANOVA) following the 
least-significant difference (LSD) post-test or Bonferroni 
post-test. P<0.05 was set as the threshold of significance. 

Results 

The development of CIBP 

After the baseline behavioral test, the rats in the cancer 
group received carcinoma cells (Walker 256 carcinoma 
cells, 4xl0 5 ) that were injected into the right tibia cavity, 
as previously described (day 0). The sham group received 
an equal volume of PBS (day 0). The naive group received 
no treatment. In order to assess the development of 
mechanical allodynia in CIBP, PWT was tested on day 3, 
7, 9 and llafter surgery. On day 3 after surgery, the rats in 
the cancer group displayed a profound decrease in PWT 
to von Frey hair stimulation in the ipsilateral right limb 
(P<0.001, Bonferroni test) compared with the sham group. 
This decrease lasted until day 11 when the observation 
ended. In contrast, there was no significant difference in 
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PWT between the naive group and the sham group at the 
different time points (P>0.05, Bonferroni test) (Figure 1A). 

Intrathecal injection with LXA4, ATL and LXB4 reduces 
the mechanical allodynia in CIBP 

In order to examine the analgesic effects of LXs on the 
mechanical allodynia in CIBP, on day 7 after surgery, 



cancer rats were randomly divided into four groups: one 
group was treated It with NS (20 \A) as vehicle, and the 
others were treated i.t. with equal doses of LXA4, LXB4 
or ATL (0.3 nmol/20 ul). The ipsilateral PWT was tested 
at 2, 4 and 6 hours after drug administration. Compared 
with vehicle- treated animals, the PWT was profoundly 
increased from 2 to 6 hours in the ATL-injected animals 





Figure 2 Localization and expression level of ALX among the naive, sham and cancer groups on day 1 1 after surgery. (A) Western blot 
detection of ALX expression in the spinal cord of rats. Data are expressed as means ± SEM (n=4) (by Bonferroni test). (B) Photomicrographs 
showing the expression of ALX in the dorsal horn of the ipsilateral spinal cord of rats. Immunohistological staining was carried out on the spinal 
cord sections from the naive (a-b), sham (c-d) and cancer (e-f) groups. Bar 100 urn. ALX, lipoxin A4 receptor; SEM, standard error of the mean. 
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(P<0.001, Bonferroni test), while this measure was sig- 
nificantly increased after 2 hours in the LXA4-injected 
animals (P<0.01, Bonferroni test) and in the LXB4- 
injected animals (P<0.05, Bonferroni test) (Figure IB). 
However, It treatment with equimolar doses of LXA4, 
LXB4 or ATL did not alter the nociceptive thresholds of 
the naive animals (P>0.05) (Figure 1C, Bonferroni test). 

Intrathecal injection with different doses of ATL alleviates 
mechanical allodynia in CIBP 

We assessed the effects of i.t. with different doses of 
ATL on the ipsilateral PWT of animals on day 11 after 
surgery. Cancer rats were randomly divided into four 
groups: one group was treated with i.t. NS (20 \A) as ve- 
hicle, and the others were treated i.t. with different doses 
of ATL (0.03, 0.3 or 0.45 nmol/20 PWT was tested 
at 2, 4, 6, 8 and 12 hours after drug administration. 
Compared with the vehicle- treated animals, the animals 
treated i.t. with ATL (0.03, 0.3 or 0.45 nmol) showed 



significant increases in PWT from 2 to 6 hours (P<0.05, 
LSD test). The dose of 0.45 nmol showed longer effects 
(for 8 hours) (Figure l.D, LSD test). These results indi- 
cate that a single administration of ATL could reduce 
the mechanical allodynia in CIBP. 

Intravenous ATL attenuates mechanical allodynia in CIBP 

To assess the possible analgesic effect of systemically 
administered ATL, the effects of i.v. ATL on the mech- 
anical allodynia in cancer rats were observed on day 11 
after surgery. From 1 to 4 hours after the injection of 30 
or 120 nmol/kg ATL, the PWT increased significantly 
compared with vehicle (Figure IE, Bonferroni test) indi- 
cating an anti-allodynic effect of i.v. ATL in cancer rats. 

Expression of ALX in the spinal cord 

The possible distribution of ALX in the spinal cord was 
detected by immunohistochemistry. Lumbar spinal cords 
from the naive, sham and cancer groups were sectioned 
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Figure 3 Photomicrographs showing the expression of GFAP (astrocyte marker) (green) and ALX (red) on the dorsal horn of the 
ipsilateral spinal cord of rats. Examples of double labeling are indicated with white arrows. Immunohistological processing of spinal cord 
sections from the naive (A-C), sham (D-F) and cancer (G-l) groups showed obvious co-localization of ALX-like immnoreactivity and the astrocyte 
marker GFAP (n=4). Bar 100 urn. ALX, lipoxin A4 receptor; GFAP, glial fibrillary acidic protein. 
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and incubated with ALX antibody. Similar and moderate 
ALX-like immunoreactivity was observed in the spinal 
cord of naive, sham and cancer rats (Figure 2B). No sig- 
nificant difference in the level of the expression of the 
ALX protein was found among naive, sham or cancer 
groups (Figure 2A). Double labeling of spinal sections 
revealed that the ALX-like immunoreactivity was mainly 
co-localized with the astrocyte marker glial fibrillary 
acidic protein (GFAP; Figure 3), partly co-localized with 
the neuronal marker NeuN (Figure 4) but not with the 
microglia marker CD11B (Figure 5). 

Effects of ATL on the expression of the mRNA of 
pro-inflammatory cytokines in CIBP 

To investigate the molecular mechanisms associated 
with the anti-allodynic effect of ATL in rats with CIBP, 
we evaluated the expression of the mRNA of several 
pro-inflammatory mediators, including IL-lp, IL-6 and 
TNF-a in the spinal cord by real-time PCR. Rats were 



randomly divided into three groups: naive, cancer with 
NS and cancer with ATL. As compared with the naive 
group, cancer with saline groups showed significant 
increases in pro-inflammatory mediators (P<0.01, LSD 
test). Lt. injection of ATL to the rats with CIBP signifi- 
cantly decreased the expression of the mRNA of IL-lp 
and TNF-a (P<0.05, LSD test) (Figure 6). 

Discussion 

The present study demonstrated that i.t. treatment with 
LXA4, LXB4 or ATL could significantly alleviate the 
mechanical allodynia in CIBP. ATL showed the longest 
and most potent analgesic effect compared to LXA4 and 
LXB4. Further analysis showed that the increased ex- 
pression of IL-1|3 and TNF-a in CIBP were significantly 
inhibited after i.t. injection with ATL. Immunohisto- 
chemistry revealed that ALX was mainly co-localized 
with the astrocytes and partly co-localized with the neu- 
rons but not with microglia. The present study suggests 




Figure 4 Photomicrographs showing the expression of NeuN (neuron marker) (green) and ALX (red) on the dorsal horn of the 
ipsilateral spinal cord of rats. Examples of double labeling are indicated with white arrows. Immunohistological processing of spinal cord 
sections from the naive (A-C), sham (D-F) and cancer (G-l) groups showed that ALX-like immunoreactivity is partly co-localized with the neuronal 
marker NeuN (n=4). Bar 100 urn. ALX, lipoxin A4 receptor. 
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Figure 5 Photomicrographs showing the expression of CD11B (microglial marker) (green) and ALX (red) on the dorsal horn of the 
ipsilateral spinal cord of rats. Immunohistological processing of spinal cord sections from the naive (A-C), sham (D-F) and cancer (G-l) groups 
showed no co-localization of ALX-like immunoreactivity and the microglial marker CD1 1B (n=4). Bar 100 urn. ALX, lipoxin A4 receptor. 



that ATL might exert its anti-neuroinflammation effects 
in CIBP through the ALX receptor expressed on astro- 
cytes and/or some neurons at the spinal cord. 

Many reports suggest that the ALX was identified and 
cloned in various cell types, including polymorphonuclear 
cells, monocytes, activated T cells, intestinal enterocytes 
and synovial fibroblasts [14,22]. In our study, the analgesic 
effects observed after i.t. injection with LXA4, LXB4 and 
ATL indicated that this class of lipid mediators acts on spe- 
cific targets in the spinal cord. Recently, evidence from two 
independent groups revealed the existence of ALX expres- 
sion in rat primary astrocytes [24,32] and microglia [33] at 
both the mRNA and protein levels. However, the present 
results showed that the ALX was mainly co-localized with 
astrocytes, sometimes co-localized with neurons, and did 
not co-localize with microglia, which is inconsistent with 
the previous reports. These discrepancies may be due to 
the different models and contexts (in vivo or in vitro). It 
has been demonstrated that non-neuronal cells may play 



an important role in the spinal facilitation of pain proces- 
sing [34,35], and LXs may act through ALX distributed on 
astrocytes and neurons to participate in the development 
and maintenance of chronic pain. This point needs to be 
elucidated in further investigations. 

The significantly superior analgesic effect of ATL com- 
pared to the other drugs may have stemmed from the 
trihydroxytetraene structure of native lipoxins, which is 
sensitive to metabolic inactivation by dehydrogenation, 
but ATL is more resistant to metabolic inactivation than 
is the native LXs [21,22]. It has been reported that i.v. 
treatment with LXA4, LXB4 or ATL significantly alle- 
viated the heat hyperalgesia in a carrageenan-induced in- 
flammatory pain model [24]. The present study revealed 
similar effects of LXs and analogues on CIBP. 

Furthermore, repeated i.t. injection of ATL had a thera- 
peutic analgesic effect on neuropathic pain in a chronic 
compression of dorsal root ganglia (CCD) model [23]. 
Since the multiple effects of LXs and analogues include 
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Figure 6 Effects of intrathecal ATL on the expression of IL-ip, IL-6 and TNF-a mRNA assessed by RT-PCR in the spinal cords of rats 
with CIBP. The L4-L5 spinal cords were used to test 2 hours after i.t. injection with ATL (0.3 nmol/20 ul) or NS (20 ul) on day 1 1 after surgery. 
Data are expressed as means ± SEM. **P<0.01 versus naive, #P<0.05 versus cancer + NS (by LSD test), ATL, aspirin-triggered-15-epi-lipoxin A4; 
CIBP, cancer-induced bone pain; i.t., intrathecal; LSD, least-significant difference; NS, normal saline. 



anti-inflammatory and anti-cancer effects [36-38], the pos- 
sible therapeutic effect of chronic systemic administration 
of LXs and analogues needs to be assessed soon. 

Early reports demonstrated that LXs play an important 
role in pain processing by regulating communication be- 
tween the immune and sensory nervous systems [39], 
which has been supported by research regarding the anal- 
gesic effects of LXs on inflammation pain and neuropathic 
pain [23,24,40]. It has been reported that LXA4 and ATL 
could interfere with the mitogen-activated protein kinase 
(MAPK) signaling pathway, inhibit the activation of NF- 
kappa B and AP-1, and consequently control the expres- 
sion of pro-inflammatory cytokines [21,22,41]. Therefore, 
ATL may alleviate mechanical allodynia in CIBP by inhi- 
biting the MAPK signaling pathway and NF-kappa B acti- 
vation to inhibit the production of pro -inflammatory 
mediators. However, our current in vivo study revealed lit- 
tle effect of ATL on the spinal MPAK signaling pathways 
(data not shown). These warrant further study and invitro 
studies are underway by culturing spinal neurons and glial 
cells, respectively. 

Interestingly, it has been reported that an LX analogue 
can elevate the mRNA of both suppressors of cytokine 
signaling-1 (SOCS-1) and SOCS-2, two of the endogen- 
ous inhibitors of cytokine-elicited signaling pathways, in 
the kidney in ischemic acute renal failure in mice [42]. 
Our preliminary experiments showed that ATL-treated 
rats also displayed increased spinal mRNA levels for 
SOCS-1 (data not shown). Since the putative role for 



SOCSs as endogenous inhibitors of cytokine bioactivities 
transduced through JAK-STAT signal transduction path- 
ways [43,44], the finding of decreased mRNA levels for 
IL-1(3, IL-6 and TNF-a in association with increased 
expression of SOCS-1 suggests a possible mechanism 
through which lipoxins could modulate cytokine bioactiv- 
ity and, hence, attenuate spinal neuroinflammation condi- 
tions in rats with CIBP. The LXs may exert their analgesic 
effect through the ALX on astrocytes and neurons via its 
multipronged effects on the neuroinflammation milieu as 
well as neural activity in the spinal cord. However, our 
in vivo study revealed little effect of ATL on these signal 
pathways (data not shown). These warrant further study 
and in vitro studies are being conducted by culturing 
spinal neurons and glial cells, respectively. 

Taken together, the results of the present study demon- 
strated for the first time that i.t. injection with LXs could 
strongly attenuate the mechanical allodynia in CIBP. The 
increased expression of pro -inflammatory mediators in 
CIBP was significantly attenuated by i.t.ATL. This study 
indicates that LXs and analogues could alleviate CIBP with 
sustained efficacy and these findings point to novel thera- 
peutic targets for analgesia in CIBP. 

Abbreviations 

ALX: Lipoxin A4 receptor; ATL: Aspirin-triggered-1 5-epi-lipoxin A4; 

CIBP: Cancer-induced bone pain; Ct: Cycle threshold; GFAP: Glial fibrillary 

acidic protein; IL: Interleukin; i.t: Intrathecal; i.v.: Intravenous; LSD: Least 

significant difference; LXs: Lipoxins; MAPK: Mitogen-activated protein kinase; 

NGF: Nerve growth factor; NS: Normal saline; PB: Phosphate buffer; 

PBS: Phosphate-buffered saline; PGE2: Prostaglandin; PV\^: Paw withdrawal 



Hu et al. Journal of Neuroinflammation 2012, 9:278 
http://www.jneuroinflammation.eom/content/9/1/278 



Page 11 of 12 



threshold; qRT-PCR: Quantitative reverse transcriptase-polymerase chain 
reaction; SD: Sprague-Dawley; SEM: Standard error of the mean; 
SOCS: Suppressors of cytokine signaling; TNF-a: Tumor necrosis factor a. 

Competing interests 

The authors declare that they have no competing interests. 
Authors' contributions 

SH carried out the major part of the study. SH, QLMY, ZFW and XWW 
performed the animal surgery and the behavioral tests. SH and JW carried 
out the Western blot and Real-Time PCR study. SH drafted the manuscript. 
JWJ, WLM and YLH carried out part of the immunofluorescence study. GCW 
revised the manuscript. YQW conceived and designed the study. All authors 
read and approved the final manuscript. 

Acknowledgements 

This work was supported by the National Key Basic Research program of 
China (207CB5 12502), the National Natural Science Fund of China (30970975, 
31000495, 81171045, 81072875 and 31121061) and the Excellent Doctoral 
Graduate Research Program of Fudan University and the Doctoral Fund of 
the Ministry of Education of China (20100071 1 10042). 

Author details 

department of Integrative Medicine and Neurobiology, State Key Laboratory 
of Medical Neurobiology, Institute of Acupuncture Research (WHO 
Collaborating Center for Traditional Medicine), School of Basic Medical 
Sciences, Shanghai Medical College, Institutes of Brain Science, Fudan 
University, 138 Yi Xue Yuan Road, P.O. Box 291, Shanghai 200032, China, 
institutes of Biomedical Sciences, Institute of Stem Cell and Regeneration 
Medicine, Fudan University, Shanghai 200032, 
P. R. China. 

Received: 21 November 201 1 Accepted: 4 December 2012 
Published: 26 December 2012 

References 

1. Breivik H, Cherny N, Collett B, de Conno F, Filbet M, Foubert AJ, Cohen R, 
Dow L: Cancer-related pain: a pan-European survey of prevalence, 
treatment, and patient attitudes. Ann Oncol 2009, 20:1420-1433. 

2. Paice JA, Ferrell B: The management of cancer pain. CA Cancer J Clin 201 1, 
61:157-182. 

3. Goblirsch MJ, Zwolak P, Clohisy DR: Advances in understanding bone 
cancer pain. J Cell Biochem 2005, 96:682-688. 

4. Zhang RX, Liu B, Wang L, Ren K, Qiao JT, Berman BM, Lao L: Spinal glial 
activation in a new rat model of bone cancer pain produced by prostate 
cancer cell inoculation of the tibia. Pain 2005, 118:125-136. 

5. Mao-Ying QL, Zhao J, Dong ZQ, Wang J, Yu J, Yan MF, Zhang YQ, Wu GC, 
Wang YQ: A rat model of bone cancer pain induced by intra-tibia 
inoculation of Walker 256 mammary gland carcinoma cells. 
Biochem Biophys Res Commun 2006, 345:1292-1298. 

6. Liu S, Liu WT, Liu YP, Dong HL, Henkemeyer M, Xiong LZ, Song XJ: Blocking 
EphB1 receptor forward signaling in spinal cord relieves bone cancer 
pain and rescues analgesic effect of morphine treatment in rodents. 
Cancer Res 201 1 , 71 :4392-4402. 

7. Paley CA, Bennett Ml, Johnson Ml: Acupuncture for cancer-induced bone 
pain? Evid Based Complement Alternat Med 201 1, 201 1:671043. 

8. Mantyh PW, Clohisy DR, Koltzenburg M, Hunt SP: Molecular mechanisms of 
cancer pain. Nat Rev Cancer 2002, 2:201-209. 

9. Cao H, Zhang YQ: Spinal glial activation contributes to pathological pain 
states. Neurosci Biobehav Rev 2008, 32:972-983. 

10. Urch CE, Donovan-Rodriguez T, Dickenson AH: Alterations in dorsal horn 
neurones in a rat model of cancer-induced bone pain. Pain 2003, 
106:347-356. 

1 1 . Gao YJ, Ji RR: Activation of JNK pathway in persistent pain. Neurosci Lett 
2008, 437:180-183. 

12. McMahon SB, Cafferty WB, Marchand F: Immune and glial cell factors as 
pain mediators and modulators. Exp Neurol 2005, 192:444-462. 

13. Ji RR, Kawasaki Y, Zhuang ZY, Wen YR, Decosterd I: Possible role of spinal 
astrocytes in maintaining chronic pain sensitization: review of current 
evidence with focus on bFGF/JNK pathway. Neuron Glia Biol 2006, 
2:259-269. 



14. Chiang N, Arita M, Serhan CN: Anti-inflammatory circuitry: lipoxin, aspirin- 
triggered lipoxins and their receptor ALX. Prostaglandins Leukot Essent 
Fatty Acids 2005, 73:163-177. 

15. Serhan CN, Savill J: Resolution of inflammation: the beginning programs 
the end. Nat Immunol 2005, 6:1 1 91 -1 1 97. 

16. Schwab JM, Serhan CN: Lipoxins and new lipid mediators in the 
resolution of inflammation. Curr Opin Pharmacol 2006, 6:414-420. 

17. Yacoubian S, Serhan CN: New endogenous anti-inflammatory and 
proresolving lipid mediators: implications for rheumatic diseases. Nat 
Clin Pract Rheumatol 2007, 3:570-579. 

18. Serhan CN, Hamberg M, Samuelsson B: Lipoxins: novel series of 
biologically active compounds formed from arachidonic acid in human 
leukocytes. Proc Natl Acad Sci USA] 984, 81 :5335-5339. 

19. Serhan CN, Krishnamoorthy S, Recchiuti A, Chiang N: Novel anti- 
inflammatory-pro-resolving mediators and their receptors. Curr Top Med 
Chem 2011, 11:629-647. 

20. Brady HR, Serhan CN: Lipoxins: putative braking signals in host defense, 
inflammation and hypersensitivity. Curr Opin Nephrol Hypertens 1996, 
5:20-27. 

21. Chiang N, Serhan CN, Dahlen SE, Drazen JM, Hay DW, Rovati GE, Shimizu T, 
Yokomizo T, Brink C: The lipoxin receptor ALX: potent ligand-specific and 
stereoselective actions in vivo. Pharmacol Rev 2006, 58:463-487. 

22. Serhan CN: Lipoxins and aspirin-triggered 15-epi-lipoxins are the first 
lipid mediators of endogenous anti-inflammation and resolution. 
Prostaglandins Leukot Essent Fatty Acids 2005, 73:141-162. 

23. Sun T, Yu E, Yu L, Luo J, Li H, Fu Z: LipoxinA(4) induced antinociception 
and decreased expression of NF-kappaB and pro-inflammatory cytokines 
after chronic dorsal root ganglia compression in rats. Eur J Pain 2012, 
16:18-27. 

24. Svensson CI, Zattoni M, Serhan CN: Lipoxins and aspirin-triggered lipoxin 
inhibit inflammatory pain processing. J Exp Med 2007, 204:245-252. 

25. Medhurst SJ, Walker K, Bowes M, Kidd BL, Glatt M, Muller M, Hattenberger 
M, Vaxelaire J, O'Reilly T, Wotherspoon G, Winter J, Green J, Urban L: A rat 
model of bone cancer pain. Pain 2002, 96:129-140. 

26. Xu JJ, Walla BC, Diaz MF, Fuller GN, Gutstein HB: Intermittent lumbar 
puncture in rats: a novel method for the experimental study of opioid 
tolerance. Anesth Analg 2006, 103:714-720. 

27. Pitcher GM, Ritchie J, Henry JL: Paw withdrawal threshold in the von Frey 
hair test is influenced by the surface on which the rat stands. J Neurosci 
Methods 1999, 87:185-193. 

28. Chaplan SR, Bach FW, Pogrel JW, Chung JM, Yaksh TL: Quantitative 
assessment of tactile allodynia in the rat paw. J Neurosci Methods 1 994, 
53:55-63. 

29. Wang J, Li J, Sheng X, Zhao H, Cao XD, Wang YQ, Wu GC: Beta- 
adrenoceptor mediated surgery-induced production of pro-inflammatory 
cytokines in rat microglia cells. J Neuroimmunol 2010, 223:77-83. 

30. Livak KJ, Schmittgen TD: Analysis of relative gene expression data using 
real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. 
Methods 2001, 25:402-408. 

31. Schmittgen TD, Livak KJ: Analyzing real-time PCR data by the 
comparative C(T) method. Nat Protoc 2008, 3:1 101-1 108. 

32. Brandenburg LO, Koch T, Sievers J, Lucius R: Internalization of PrPI 06-1 26 
by the formyl-peptide-receptor-like-1 in glial cells. J Neurochem 2007, 
101:718-728. 

33. Decker Y, McBean G, Godson C: Lipoxin A4 inhibits IL-1 beta-induced IL-8 
and ICAM-1 expression in 1321 N1 human astrocytoma cells. 

Am J Physiol Cell Physiol 2009, 296:C1 420-C1 427. 

34. Milligan ED, Watkins LR: Pathological and protective roles of glia in 
chronic pain. Nat Rev Neurosci 2009, 10:23-36. 

35. Gao YJ, Ji RR: Targeting astrocyte signaling for chronic pain. 
Neurotherapeutics 2010, 7:482-493. 

36. Das UN: Radiation resistance, invasiveness and metastasis are 
inflammatory events that could be suppressed by lipoxin A4. 
Prostaglandins Leukot Essent Fatty Acids 201 2, 86:3-1 1 . 

37. Hao H, Liu M, Wu P, Cai L, Tang K, Yi P, Li Y, Chen Y, Ye D: Lipoxin A4 and 
its analog suppress hepatocellular carcinoma via remodeling tumor 
microenvironment. Cancer Lett 201 1, 309:85-94. 

38. Zhang B, Jia H, Liu J, Yang Z, Jiang T, Tang K, Li D, Huang C, Ma J, Shen GX, 
Ye D, Huang B: Depletion of regulatory T cells facilitates growth of 
established tumors: a mechanism involving the regulation of myeloid- 
derived suppressor cells by lipoxin A4. J Immunol 2010, 185:7199-7206. 



Hu et al. Journal of Neuroinflammation 2012, 9:278 
http://www.jneuroinflammation.eom/content/9/1/278 



Page 12 of 12 



39. Serhan CN, Fierro IM, Chiang N, Pouliot M: Cutting edge: nociceptin 
stimulates neutrophil chemotaxis and recruitment: inhibition by aspirin- 
triggered-15-epi-lipoxin A4. J Immunol 2001, 166:3650-3654. 

40. Krebs DL, Hilton DJ: SOCS proteins: negative regulators of cytokine 
signaling. Stem Cells 2001, 19:378-387. 

41. Wu SH, Liao PY, Dong L, Chen ZQ: Signal pathway involved in inhibition 
by lipoxin A(4) of production of interleukins induced in endothelial cells 
by lipopolysaccharide. Inflamm Res 2008, 57:430-437. 

42. Leonard MO, Hannan K, Burne MJ, Lappin DW, Doran P, Coleman P, 
Stenson C, Taylor CT, Daniels F, Godson C, Petasis NA, Rabb H, Brady HR: 
15-Epi-16-(para-fluorophenoxy)-lipoxin A(4)-methyl ester, a synthetic 
analogue of 15-epi-lipoxin A(4), is protective in experimental ischemic 
acute renal failure. J Am Soc Nephrol 2002, 13:1657-1662. 

43. Diamond P, Doran P, Brady HR, McGinty A: Suppressors of cytokine 
signalling (SOCS): putative modulators of cytokine bioactivity in health 
and disease. J Nephrol 2000, 13:9-14. 

44. Krebs DL, Hilton DJ: SOCS: physiological suppressors of cytokine 
signaling. J Cell Sci 2000, 1 1 3:281 3-281 9. 



doi:1 0.1 1 86/1 742-2094-9-278 

Cite this article as: Hu et al.: Lipoxins and aspirin-triggered lipoxin 
alleviate bone cancer pain in association with suppressing expression of 
spinal proinflammatory cytokines. Journal of Neuroinflammation 2012 
9:278. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at (^\ RiftMM i rpntral 

www.biomedcentral.com/submit \^ ™omea centra I 



